The present study investigated the effect of training and exhaustive exercise on the mitochondria of the gastrocnemius muscle of rats.
MATERIALS AND METHODS
Sixteen male rats of the Sprague-Dawley strain, with initial body weights between 180 and 200 g, were used in this investigation.
These animals were fed, housed, and maintained as previously described (9). Eight of the animals were tra.ined to run in motor-driven work wheels by progressively increasing the speed and duration of the daily exercise sessions until they were capable of running continuously for 1 hr at 1 .O mph or faster. This initial training period required 4 weeks. The exercise was then continued for an additional 6 weeks with each animal running 40 min at 1 .O mph followed by 20 min at 1.4 mph each day. Mild electrical stimulation was used to encourage the rats to run.
On the final exercise day the eight trained rats were run to exhaustion at speeds between 1.0 and 2.0 mph. Four of these rats were sacrificed immediately at the onset of exhaustion and the remaining four 24 hr later. The eight control animals were allocated into two equal groups and sacrificed either at rest or immediately after completion of an exhaustive swim. Rats swam in groups of four in water at 35C. This procedure was used to insure vigorous activity and to avoid the effortless floating that occurs when rats swim alone. Swimming was used to exhaust the untrained rats because they would not run in the work wheels long enough to become fatigued.
Exhaustion was defined as the point at which the rats were unable to continue running or to regain the water surface. The trained rats ran for an average of 105 min before becoming exhausted, whereas the untrained rats swam for an average of 58 min.
The The structure of the skeletal muscle from the sedentary control group (Fig. 1A ) is similar to that observed for most species including the rat (8). Mitochondria, with a concentration of 26.5/100 p2 or 39.2/100 sarcomeres, were located for the most part in pairs on either side of the 2 line. Most of these mitochondria were circular, with a diameter equivalent to approximately half of the I band. Thus, these paired mitochondria were about as long as the I band.
The fine structure of the tissue from the trained animals sacrificed 24 hr after a run to complete exhaustion was similar to that of the control group ( Fig. 1 C) ; however, the mitochondria were more numerous and appeared to contain more densely packed cristae. Thesemitochondria also appeared to be enlarged, with some being as long as a sarcomere. In other instances gross distortions of the shape appeared in the enlarged mitochondria.
Because of the uncertainty as to the point on the mitochondria that the sections were made, no attempt has been made to quantitatively compare' the mitochondria in the micrographs for differences in size. Significant alteration was present in the skeletal muscle of the rats that were sacrificed immediately after completion of a run to exhaustion (Fig. 10 ). In these micrographs there was evidence of swelling both in the mitochondria and the muscle tissue. Large spaces existed between groups of adjacent myofilaments, and the mitochondria were greatly enlarged. Many of these mitochondria were equal to the length of a sarcomere. The outer compartment of these swollen mitochondria appear to be normal, whereas extensive enlargement of the inner compartment produced large, pale matrices. The cristae of the swollen mitochondria were sparse and disoriented. A curved and circular configuration can be seen in a few cristae, most of which are too short to extend across the increased width of the inner mitochondrial compartment. In contrast, no significant alterations were observed in skeletal muscle structure in the group sacrificed immediately after a swim to exhaustion (Fig. 1B) . Tissue structure in these animals was intact, and no change in shape or size of the mitochondria was apparent. The concentration of mitochondria in the gastrocnemius muscle from the untrained group sacrificed immediately after a swim to exhaustion, expressed either as number of mitochondria per 100 p2 or per 100 sarcomeres, was similar to that of the control group (Table  1) . By comparison, skeletal muscle from the trained rats sacrificed 24 hr after a final exercise bout contained significantly (P < 0.01) more mitochondria (per 100 p2 or per 100 sarcomeres) than either of the untrained groups. Muscle from the trained rats sacrificed immediately after a run to exhaustion contained more (P < 0.05) mitochondria per 100 p2 than the untrained rats, but fewer (P < 0.05) than muscle from the trained group sacrificed at rest. However, these mitochondrial concentrations were about the same for both trained groups when expressed on the basis of 100 sarcomeres of tissue.
Glycogen concentration of liver and skeletal muscle are summarized in Table 2 . These data show that the glycogen content of the gastrocnemius muscles for the trained rats sacrificed 24 hr after a final exercise bout was significantly (P < 0.01) higher than that of the untrained controls. Liver and biceps muscles were unaltered by the taining program. Exercise prior to death significantly reduced the glycogen level in all the tissues assayed, with the greatest depletion occurring in those animals that became exhausted while running.
DISCUSSION
The increased number and the apparent increase in size and cristae concentration of the mitochondria in skeletal muscle of trained rats suggests that metabolic capacity of this tissue can be enhanced by training.
In fact, Holloszy ( 17) h as reported that oxygen uptake, enzyme activity, and total protein of the mitochondrial fraction of rat skeletal muscle are increased after a training program of strenuous running. Similar metabolic adaptations, however, have not been found in the skeletal muscle of rats after training programs of swimming 30 min per day for 5-8 weeks ( 12, 14, 17) . The lack of an adaptation in skeletal muscle after training by swimming has been attributed to the fact that it is a relatively mild work load for the rat and one for which the energy requirements can be adequately met with the normal metabolic apparatus. However, single bouts of exhaustive swimming have been shown to increase the mitochondrial mass of dog (25) and rat (24) (Fig. 2) . One interpretation of these micrographs is that such mitochondria were in the process of dividing. It is known that PID.
1 C and D thyroid hormone can stimulate mitochondrial replication ( 13). However, while it has been suggested that thyroxine production increases during training (20), direct evidence of such an effect is lacking at this time (2, 3). In fact, Tipton and co-workers (45) have found that thyroidectomized rats can be trained at work levels similar to those employed in this study without any apparent impairment of work capacity. Furthermore, mitochondrial swelling and partial uncoupling of oxidative phosphorylation with a partial or complete loss of respiratory control usually accompanies hyperthyroidism (13, 29, 41) . It should be pointed out that the mitochondria in the muscles of the trained rats sacrificed at rest in this study were not swollen. In addition, Holloszy ( 17) did not observe any swelling or loss of respiratory control in the mitochondria isolated from skeletal muscle of trained rats sacrificed at rest. The swelling of the mitochondria in the skeletal muscle of the trained animals after running to exhaustion is distinctly different from the increased size of myocardial (46), that a sharp drop in ATP and a rise in AMP accompanied mitochondrial swelling in rabbit myocardium during asphyxia. In this study, indirect evidence for a reduced ATP level in the skeletal muscle of the rats exhausted by running was a very rapid onset of rigor after death. In addition, micrographs of this tissue showed it to be in various stages of contraction. It is also known that calcium ion is taken up during muscular contraction (4), and that both growth hormone and free fatty acid levels increase in blood during exercise (9, 19, 35 Figs. 1D and 2 , the cristae in the mitochondria of these muscles had separated from each other to the extent that there were spaces of varying size between adjacent cristae, thereby giving these mitochondria a pale appearance.
In many instances the cristae appear to have degenerated, with the mitochondrial matrices being filled with substances of varying density. The magnitude and general characteristic of these mi tochondrial changes are similar to those seen in the heart and liver of the dog, rabbit, and rat after permenent anoxia, ischemia, and acute and chronic hypoxia (5-7, 15, 16, 23, 30-32, 40, 46) . These similarities suggest that hypoxia may have been a factor leading to the mitochondrial swelling that occurred in the skeletal muscle during exhaustive running.
What effect the mitochondrial swelling may have had on the metabolic capacity of the skeletal muscle is unknown.
However, it is well known that in isolated mitochondria disruption of the basic structural configuration such as occurs with swelling can loosen or completely uncouple oxidative phosphorylation (37, 48). The work capacity of the muscle would probably be reduced if these changes were to occur during exercise. Postexercise oxygen uptake might also be adversely affected if such a loss of respiratory control were to occur. In addition to the mitochondrial swelling, a general edema existed in the skeletal muscle of the animals run to exhaustion. This edema was characterized by the presence of large clear interfibrillar spaces (Figs. 1 D and 2) not seen in normal tissue. Jacobsson and Kjellmer (21, 22) have previously observed swelling in the skeletal muscle of the cat following exercise. They attributed this swelling to an increased accumulation of lymph resulting from an elevated transcapillary pressure. Edema similar to that observed in this study has also been found in heart muscle following asphyxia (46). However, all of the alterations in the skeletal muscle resulting from the exhaustive run appear to have been reversible, since they were not evident in the animals killed after a 240hr recovery period. Swelling can be induced in isolated mitochondria by a The edema and the fact that the tissue was not in a univariety of factors including changes in the concentration form state of relaxation at the time of fixation produced Swelling was not limited to those mitochondria located in the interior of the muscle fibers but also was observed in mitochondria located immediately under the sarcolemma (Fig. 3) 
